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Here we report the development of an equimolar conjugate of a
metal-organic cage (MOC) and DNA (MOC-DNA). Several MOC-DNA
conjugates were assembled into a programmed structure by coordi-
nating with a template DNA having a complementary base sequence.
Moreover, conjugation with the MOC drastically enhanced the perme-
ability of DNA through the lipid bilayer, presenting great potential as a
drug delivery system.

Nanoporous metal complexes (NPMCs) are solid materials with
nanometer-sized pores constructed by the self-assembly of
metal ions and organic ligands." NPMCs can accommodate
small molecules in their pores, and thus have been investigated
for applications such as selective adsorbents,>® reaction
catalysts,”® and drug delivery vehicles.”® Moreover, the outer
surface of the framework can be further functionalized through
a post-synthetic modification, conferring additional properties
like processability and dispersity.”>*°

Recently, the conjugation of metal-organic frameworks
(MOFs), a class of NPMCs with an infinite structure, and DNA
has attracted much interest. Since DNA has biological functions
based on its sequences, MOF-DNA conjugates have been
investigated not only for engineering applications such as
aptasensors'' and immunoassays,'” but also as in vivo drug
delivery systems (DDSs). For example, MOFs modified with
DNA on their surfaces can effectively transport DNA into cells,
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or control the release of proteins and drugs from the pores.'*"*

Moreover, exploiting its complementary base pair coordination,
DNA can be used to fabricate nano- and micro-structures such as
DNA origami.'” Similarly, ordered MOF assemblies have been
obtained by modifying DNA on the particle surface."™"” In
general, these MOF-DNA conjugates are non-stoichiometric due
to the infinite structure of MOFs, which would be unsuitable for
the precise molecular design of NPMC assemblies or as DDSs.

Metal-organic cages (MOCs) are NPMCs with discrete struc-
tures. In contrast to MOFs, MOCs are soluble in various solvents
and their surface can be modified quantitatively, enabling the
precisely controlled design of MOC-organic molecule conjugates
at the molecular level.'® Such a structural feature is also expected
in conjugating DNA and MOCs, which is advantageous for the
precise molecular design of NPMC assemblies or DDSs in aqu-
eous solution (Fig. 1). However, conjugation of DNA and MOCs
has not been reported, presumably because DNA is more difficult
to conjugate with MOCs than with MOFs because of multiple
coordination sites of DNA: MOCs decompose even if one metal
ion is subtracted, while MOFs retain their properties even when
part of their surface is damaged.

In this study, we achieved stoichiometric conjugation of DNA
with a specially designed new MOC through a post-synthetic
modification. Modifying DNA with MOCs has enabled the design
of MOC assemblies by forming a double-strand DNA and has
significantly improved the affinity of DNA toward human cells.

Due to its water stability and ease of post-synthetic surface
modifications, we selected Zr-MOC, having a trinuclear Zr
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Fig. 1 Characteristics of discrete-NPMC decorated with DNA.
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Fig. 2 Synthesis and crystal structure of each MOC. Because azide groups
in MOC-1 were severely disordered, the image of MOC-1 was generated
by adding azide groups manually to the obtained tetrahedral framework.
The images of MOC-2 and MOC-3 are structures revealed by single-
crystal X-ray structure analysis.

cluster capped by cyclopentadienyl (Cp) groups,'® and modified
it by introducing azide groups for the click reaction with
terminal alkyne-containing DNA (see the ESIt and Fig. S1-S3
for the syntheses of MOC ligands and DNAs). Accordingly, we
synthesized a new MOC, MOC-1 [{Cp;Zr;(13-O)(1-OH)s}b,-
(u-BDC-N3)6]Cly, with a tetrahedral cage from Cp,ZrCl, and
azide terephthalic acid (H,BDC-N3) (Fig. 2). The structure was
revealed by single-crystal X-ray diffraction (SXRD) analysis,
electrospray ionization mass spectrometry (ESI-MS), and infra-
red spectroscopy (Fig. S4-S6, ESIt). Next, its stability against
DNA was evaluated. MOC-1 and Hexynyl-DNA (Fig. 3a and
Table S1, ESIT) were mixed in 50% acetonitrile/H,O and incu-
bated overnight. The ESI-MS spectrum of the resulting solution
showed no peak derived from MOC-1 (Fig. S7, ESIt), suggesting
that DNA collapsed MOC-1, probably because DNA coordinates
with the Zr ions as observed when UiO-66 was treated with
DNA.'*

To improve the stability of Zr-MOC, we changed the capping
ligand from Cp to pentamethylcyclopentadienyl (Cp*) because
stronger bonds and steric hindrance between Cp* and Zr are
expected to stabilize the Zr cluster.

Then, we synthesized a new MOC, MOC-2 [{Cp*;Zr;3(p3-O)-
(n-OH)3}5(u-BDC-N3)3]Cl,, from Cp*CpZrCl, and H,BDC-N;
(Fig. 2 and Fig. S8, ESIf). SXRD analysis and ESI-MS spectral
measurements revealed that MOC-2 had a cocoon-shaped
structure with two Zr clusters bridged by three ligands. As
MOC-2 did not have internal pores (i.e., it was not an NPMC),
MOC-3 [{Cp*3Zr3(pn3-O)(u-OH);},(1-TDC-N3);]Cl, was synthe-
sized with a longer ligand (azide-terphenyl dicarboxylate,
H,TDC-N3). SXRD analysis and ESI-MS spectral measurements
revealed that MOC-3 was also cocoon-shaped (Fig. 2, Fig. S9 and
S10, ESIT), but we confirmed the permanent porosity of MOC-3
by an N, adsorption experiment (Fig. S11, ESIY).
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Upon testing its stability against DNA in the same way as for
MOC-1, the peaks derived from MOC-3 were observed in the
ESI-MS spectra and the peak intensity was comparable to that
of the control (the sample that was not treated with Hexynyl-
DNA, see Fig. S12, ESIt), indicating that MOC-3 was stable
against DNA. As expected, MOC showed improved stability
against DNA by changing the capping site.

Since the copper-catalyzed click reaction between MOC-3
and Hexynyl-DNA did not work well (see ESI,t Fig. S13 and S14),
we synthesized DBCO-DNA having the dibenzocyclooctyne
(DBCO) moiety, which is capable of a catalyst-free click reaction
with an azide group, in the same base sequence as in Hexynyl-
DNA (Fig. 3a and Table S1, ESI{). MOC-3 and DBCO-DNA were
heated in a 1:1 DEF/H,O solution at 40 °C for about 24 h,
diluted with water, filtered through a membrane filter, and
analysed by reverse phase high-performance liquid chromato-
graphy (HPLC). A new peak was observed after 60 min of elution
(Fig. 3b and see Fig. S15 for the HPLC analysis conditions, ESIT).
The corresponding fraction was collected and matrix-assisted
laser desorption/ionization time-of-flight MS (MALDI-TOF-MS)
was performed. As a result, a peak at m/z = 8076.5678 was
observed (Fig. 3c), which is almost consistent with the 1:1
conjugate of DBCO-DNA and MOC-3 (MOC-DNA) (MW =
8086.63. We note that the slight difference may be due to the
decomposition of MOC-3 and adductive cations).>® Thus, the
conjugate was deemed to be successfully formed. Futhermore,
neither the peaks derived from the 2:1 nor 3:1 conjugates of
DBCO-DNA and MOC-3 were found (MW = 13610.53, 19133.42,
respectively), suggesting the selective formation of a 1:1 con-
jugate (Fig. 3c). In contrast, when the above reaction was
performed using Hexynyl-DNA instead of DBCO-DNA, only a
peak derived from unreacted Hexynyl-DNA was observed in the
MALDI-TOF-MS spectrum (see Fig. S16, ESIt). Thus, it was also
proved that the formation of MOC-DNA was not facilitated by
ionic interactions or coordination of phosphate to the Zr cluster,
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Fig. 3 (a) Structures of Hexynyl-DNA and DBCO-DNA. (b) HPLC charts.
Red: reaction mixture of MOC-3 and DBCO-DNA, black: pure DBCO-DNA.

(c) MALDI-TOF-MS chart of the fraction collected at around 60 min of the
reaction mixture.
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but by covalent bond formation between the azide group of
MOC-3 and the alkyne group of DBCO-DNA.

Bearing only one DNA strand per cage, MOC-DNA has a
significant advantage over MOF-DNAs, which have a non-
uniform number of DNA molecules, in the design and assembly
of higher-order NPMC structures using DNA base pairing. To
examine whether MOC-DNA can form duplexes, we prepared
Template-DNA (see Table S1 for the sequence, ESIt) having six
repeated units of complementary base sequences. A mixture of
Template-DNA and DBCO-DNA or MOC-DNA was heated in a
buffer solution (10 mM Tris, pH 7.5, and 75 mM Nacl) at 90 °C
for 3 min, then gradually cooled to room temperature (Fig. 4a).
The temperature-dependent UV absorbance (1 = 260 nm) was
recorded upon heating from 20 to 90 °C for each solution to
estimate the ability to form double-strand DNA (dsDNA). A
mixture of Template-DNA and DBCO-DNA showed a sigmoidal
temperature-dependent absorbance curve (Fig. S17, ESIt). The
sharp increase of UV absorbance at around 70 °C indicates the
dissociation of dsDNA, i.e., Template-DNA and DBCO-DNA
mainly exist as dsDNA at room temperature. A mixture of
Template-DNA and MOC-DNA also showed a steep increase of
UV absorbance at around 60 °C, indicating their preference for
being dsDNA at room temperature (Fig. S17, ESIT). We note that
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Fig. 4 (a) Scheme of sample preparation for each measurement. HS-AFM
images of an annealed sample of Template-DNA and (b) DBCO-DNA and
(d) MOC-DNA. The histograms and the Gaussian distributions of the
heights of observed objects in an annealed sample of Template-DNA
and (c) DBCO-DNA and (e) MOC-DNA. Buffer: 10 mM Tris, pH 7.5, and 75
mM NaCl. The concentration of Template-DNA was 0.3 uM and that of
DBCO-DNA and MOC-DNA was 1.8 uM.
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such drastic UV absorbance change was not observed when
only one DNA was used (Fig. S18, ESIT).

Then we tried direct observation of the dsDNA by high-speed
atomic force microscopy (HS-AFM) at room temperature. From
the HS-AFM image of an annealed mixture of DBCO-DNA and
Template-DNA, string-like objects were observed (Fig. 4b). The
objects were roughly 33 nm in length, which agrees with the
size expected from the 90 bases of Template-DNA (ca. 30 nm,
see Fig. S19, ESIT). A similar structure was observed in the case
of an annealed mixture of MOC-DNA and Template-DNA
(Fig. 4d). Notably, the median height of the structures was
2.9 nm, 0.6 nm higher than in the case of DBCO-DNA (Fig. 4c
and e). The difference agrees well with the size of the MOC-3
diameter (~1 nm, Fig. S19, ESIt). The higher feature of the
string indicates the presence of MOCs, although the resolution
was insufficient to identify their exact position. Overall, MOC-
DNA can be regularly attached to Template-DNA to form
dsDNA, demonstrating that the 1:1 conjugation of MOC and
DNA enabled the one-dimensional arrangement of cages in a
nanoscale. Unlike dsDNA, bare MOC-DNA was observed as
sphere-like structures with string-like materials (Fig. S20, see
also ESIT movie), suggesting its aggregation in H,O. DNA base
pairing is essential to construct a controlled assembly of MOC-
DNA.

The unique 1:1 feature of MOC-DNA inspired us to explore
more of its potential. Because of recent progress in oligo-
nucleotide therapeutics, the intracellular transport of nucleic
acids has attained great medical value. However, DNA is poly-
anionic and hydrophilic, making it difficult to penetrate the
negatively charged lipophilic lipid bilayer. Introducing lipophi-
lic substituents into DNA is a promising strategy to enhance the
intracellular transport of nucleic acids.”" Thus, it is curious to
investigate whether the modification of lipophilic MOC could
accelerate nucleic acid permeation. So we evaluated the cellular
uptake of MOC-DNA by flow cytometry. HeLa cells were treated
with MOC-DNA and incubated at 37 °C. Then the cells were
washed and fluorescence derived from the FAM moiety (e ~
575 nm) on DNA (Fig. S21, ESIt) was measured. Surprisingly,
the mean fluorescence intensity (MFI) of MOC-DNA-treated
cells gradually increased in a time-dependent manner and
almost reached a plateau after 3 h of incubation (Fig. S22,
ESIT). Comparing the MFI of cells treated with DNAs for 3 h, the
MFI of MOC-DNA-treated cells was approximately 8.6-fold
higher than that of DBCO-DNA-treated cells (Fig. 5a), suggest-
ing that the MOC modification enhanced DNA delivery into the
cells. Next, confocal laser scanning microscopy was used to
locate the DNA. After treatment with DBCO-DNA and washout
of free DNA, green fluorescence, which was negligible in the
untreated cells, was observed, indicating that the DNA inter-
acted with cells (Fig. 5b and c). However, its distribution seems
to be independent of the cell location and it aggregated outside
the cells, suggesting that DBCO-DNA had quite weak affinity
toward the lipid bilayer and could not permeate into the cells.

On the other hand, strong fluorescence was observed at the
surface of MOC-DNA-treated cells (Fig. 5d) and the fluorescence
intensity of the cytoplasm was also obviously higher than that

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) The cellular uptake of DBCO-DNA and MOC-DNA measured by

flow cytometry. Hela cells were treated with a 1 uM solution of DBCO-
DNA or MOC-DNA. Error bar represents standard error. Confocal laser
scanning microscopy images of Hela cells treated with (b) only buffer,
(c) DBCO-DNA, and (d) MOC-DNA. The cell nucleus was stained with
Hoechst33342. Blue and green colors in merged images represent the
nucleus and oligonucleotide, respectively. Scale bars, 50 um.

of both the untreated cells and DBCO-DNA-treated cells
(Fig. S23 and S24, ESI¥). In addition, there was little correlation
between the fluorescence intensity of FAM and Hoechst33342
(Fig. S25, ESIT), showing that MOC-DNA that permeated the cell
membrane was located more in the cytoplasm than in the
nucleus.

We also found that the amount of MOC-DNA taken up by
HeLa cells was drastically decreased when the cells were
incubated at 4 °C (Fig. S26, ESIt), suggesting that MOC-DNA
was transported into the cells in an energy-dependent manner
via the proteins on the cell membranes, although the specific
pathway is still unclear.

In summary, we synthesized new MOCs having Cp*, which
could withstand reactions with DNA. MOC-3 was successfully
conjugated to DNA by a click reaction. The 1:1 conjugate of
MOC and DNA, MOC-DNA, was successfully isolated for the
first time. MOC-DNA gained the ability to form homogeneous
duplexes, which will facilitate the creation of programmed
NPMC assemblies using the structural designability of DNA.
Furthermore, MOC-DNA dramatically improved the cell perme-
ability of DNA compared with bare DNA. Thus, MOCs can be a
quantitative and simultaneous transporter of DNA and drug
molecules, with great potential for medical applications. We
demonstrated that conjugating discrete NPMC with DNA offers
both materials and biological applications. Although the pore
size of MOCs demonstrated here is not large enough, we are
convinced that this study will be a milestone in exploring the
integrated function of guest-included NPMC and DNA.
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